The effect of GaN grown on InN islands on InGaN/GaN multiple quantum wells (MQWs) light-emitting diodes (LEDs) is investigated. The pit density of GaN grown on InN islands is decreased and the photoluminescence intensity of GaN grown on InN islands is increased compared with those of GaN without InN islands. The LEDs fabricated with GaN grown on InN islands show higher optical output power and lower reverse-bias leakage current than the LEDs without InN islands. These enhancements are attributed to the InN islands which reduce the threading dislocations and stress of GaN and MQWs.
Introduction
GaN and its related ternary alloys are the most common materials for applications such as light-emitting diodes (LEDs) and laser diodes (LDs) in the visible spectral range [1, 2] . GaN-based LEDs are epitaxially grown on sapphire substrates. However, the as-grown GaN epitaxial layer has a high threading dislocation (TD) density typically in the range 10 8 -10 10 cm −2 , due to the large mismatch in lattice constant and thermal expansion coefficient of the GaN film and sapphire substrate [3] . These defects are nonradiative recombination centres and they diminish the performance of LEDs. Therefore, the reduction of TD is of great importance for the development of high-efficiency LEDs. A few regrowth methods including pendeo epitaxy, SiN x masking and SiN x interlayer have been proposed to overcome this problem [4] [5] [6] . One major approach is the epitaxial lateral overgrowth (ELO) technique for wide-gap III-V materials. In the case of GaN, the TD is reduced by 3-4 orders of magnitude from that of heteroepitaxial GaN layers grown on sapphire substrates [7, 8] . However, this method requires complicated and additional processes such as lithography and etching to make a masking layer.
InN has recently attracted considerable attention because of its high electron mobility and low-energy band gap [9, 10] . However, the growth of high-quality InN film is a great challenge due to the lack of lattice-matched substrates, high equilibrium indium partial pressure and low dissociation temperature [11, 12] . Despite these difficulties, a variety of templates have been employed for the growth of InN islands and epitaxial layers. In particular, the formation of selfassembled InN islands with controllable density and size has been demonstrated [13, 14] . Laboutin et al investigated the influence of the structural and morphological properties of a GaN buffer layer on the nucleation of InN islands [15] . Additionally, it was suggested that InN islands tend to nucleate on the sites where TD intersects the GaN surface [16] . Moreover, Soh et al reported that indium-rich InGaN quantum dots can be grown at the grain boundaries in GaN layer [17] . However, there are no reports about the effect of InN islands on the overgrown GaN. Here, we report the improved properties of the GaN epilayer and the InGaN/GaN multiple quantum wells (MQWs) LEDs grown on InN islands, which act as a defect blocking layer.
Experimental details
The growth of InN islands and LEDs was performed by metalorganic chemical vapour deposition (MOCVD). A cplane (0 0 0 1) substrate was cleaned under H 2 at 1030
• C. After the growth of a 25 nm-thick low-temperature GaN buffer layer at 550
• C, a 2 µm-thick undoped GaN layer was grown at 1020
• C. Then, InN islands were grown on this layer at 600 • C. Figure 1 (a) shows the schematic diagram of GaN grown on InN islands. As shown in figure 1(a), InN islands were grown on dislocations propagated in GaN [16] . The growth parameters such as pressure and the flow rate of metalorganic source were changed to control the density and size of InN islands. A two-step growth process was applied to embed InN islands in the GaN layer. First, a GaN capping layer was grown at a low temperature of 650
• C to prevent the decomposition of InN islands at a high growth temperature for GaN. A 1 µm-thick GaN layer was then overgrown at 1020
• C. In order to study the effect of InN islands on the properties of LEDs, five pairs of InGaN/GaN MQWs consisting of 3 nm-thick undoped InGaN wells and 10 nm-thick GaN barriers were grown, followed by the growth of a Mg-doped p-GaN layer. LEDs with a size of 300 × 300 µm 2 were fabricated using a conventional mesa structure method. Indium tin oxide (ITO) was used as a transparent current spreading layer and Cr/Au was deposited as n-type and p-type electrodes. The measured peak wavelength of electroluminescence was 450 nm at 20 mA. and without InN islands.
Results and discussion
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7 cm −2 and 5×10 8 cm −2 are 10% and 22%, respectively, compared with that of the reference GaN. This can be attributed to the improved crystal quality of the GaN grown on InN islands which block the propagation of TD in GaN. Figure 4 shows the Raman spectra with E 2 peaks from GaN layers with and without InN islands. The E 2 phonon mode peak in the Raman spectra is sensitive to the stress in the film [18, 19] . As shown in figure 4 , the E 2 phonon mode peaks of the as-grown GaN and GaN grown on InN islands are located at 570.6 cm −1 and 569.4 cm −1 , respectively. This redshift indicates that stress relaxation occurs due to the rearrangement of dislocations between InN islands and the GaN capping layer [20, 21] . The shift in the E 2 phonon mode peak ( ω γ ) is given by
where ω γ , ω 0 and K γ represent the Raman peak of the GaN grown on InN islands, as-grown GaN and a proportionality factor, respectively. Therefore, the relaxed stress ( σ xx ) can be calculated from the following equation [22] :
A redshift of 1.2 cm −1 is observed from the GaN grown on InN islands, and this shift corresponds to a relaxation of stress by 0.286 GPa. A K γ value of 4.2 cm −1 for GaN was used in the calculation [22] . This verifies that the stress in GaN grown on InN islands is relaxed compared with the as-grown GaN. at injection currents of 20 mA and 40 mA, respectively, compared with that of the LEDs without InN islands. Additionally, we measured the absorption of GaN with and without InN islands. Although the absorption of GaN with InN islands was increased by 10% due to InN islands, the optical output power of the LEDs with InN islands was still higher than that of the LEDs without InN islands. This indicates that the InN islands embedded in the GaN layer is an effective way to improve the performance of LEDs by reducing the TD density and stress in MQWs.
Conclusions
The properties of InGaN/GaN MQWs LEDs were improved with a high-quality GaN epilayer grown on the InN islands. The pit density of overgrown GaN was decreased from 1.8 × 10 8 to 6 × 10 7 cm −2 by InN islands. The PL intensities of GaN grown on InN islands with densities of 8 × 10 7 cm −2 and 5 × 10 8 cm −2 were increased by 10% and 22%, respectively, compared with that of the reference GaN. In addition, the stress in GaN grown on InN islands was relaxed by 0.286 GPa and the enhanced optical output power of LEDs with InN islands can be attributed to a reduction in TD and stress. Furthermore, the reverse-bias leakage current of the LEDs with InN islands was significantly reduced compared with that of the LEDs without InN islands. This indicates that the TD in GaN and MQWs can be reduced by InN islands which block the propagation of TD in GaN and MQWs.
